. Cell cycle checkpoints detect both mine if any of these checkpoints normally function to suppress GCRs, mutations in selected genes from each DNA damage and failure to properly assemble the mitotic spindle, and through phosphorylation of key progroup were tested for their effect on GCR rates (Table  1) . The predominant assay used here measures the rate teins, promote both cell cycle arrest, to allow time for repair to occur, as well as trancriptional and other of accumulation of GCRs that simultaneously delete a region of chromosome V containing CAN1 and URA3 changes that may effect DNA repair more directly (Elledge, 1996; Paulovich et al., 1997; Weinert, 1998a;  integrated in HXT13 7.5 kb telomeric to CAN1 resulting in the production of Can r , 5-FOA r cells (Figure 2A ). In Amon, 1999; Bashkirov et al., 2000). Thus, cell cycle checkpoints are thought to be crucial in maintaining addition, selected mutations were tested in a GCR assay that similarly measures deletion of a nonessential arm of genome stability in response to damage to DNA and/ or the mitotic apparatus. Here, we demonstrate that chromosome VII containing URA3 integrated into ZRT1 and HIS3 integrated into ADH4, ‫12ف‬ kb and ‫51ف‬ kb from defects in S. cerevisiae S phase checkpoint genes cause increased GCR rates in the absence of exogenous the telomere, respectively, resulting in the production of 5-FOA r , His Ϫ cells. Mutations in BUB3 and MAD3 had sources of DNA damage. This indicates that one of the normal roles of S phase checkpoint functions is to supno effect on the GCR rate. Mutations in RAD9, RAD17, (Table 2) . Because MEC1, DDC2, and RAD53 increases in the GCR rate in the chromosome V and chromosome VII assays, respectively. The dpb11-1 muare essential for cell viability, it was necessary to analyze mec1 sml1, ddc2 sml1, and rad53 sml1 double mutants tation caused a 257-fold increase in the GCR rate. A mutation in MEC3 caused a 54-fold increase in the rate (Zhao et al., 1998) . However, the sml1 suppressor mutation did not appear to affect the GCR rates or breakof GCR formation. Because MEC3 plays a role in the G1, S, and G2/M DNA damage checkpoints and the S points sequences by itself or in combination with other mutations such as dun1 and chk1 (See Tables 2 and 5 ). phase checkpoint that senses DNA replication defects Mutations in MEC1, DDC2, and DUN1 caused ‫-002ف‬ to DNA damage (Sanchez et al., 1999) . A mutation in PDS1 caused a strong increase in the rate of accumulafold increases in the rate of GCR formation, which were tion of GCRs comparable to those caused by mutations comparable to those caused by the rfc5-1 and dpb11-1 in MEC1 and DUN1. This large increase in GCR rate is mutations; a dun1 mutation was also found to cause a inconsistent with PDS1 just functioning downstream of 180-fold increase in the GCR rate in the chromosome CHK1 in suppression of GCRs because the chk1 muta-VII assay. Mutations in RAD53 and CHK1, which are tion caused a much smaller increase in the GCR rate thought to function parallel to each other downstream than the pds1 mutation. Consistent with this, the pds1 of MEC1, caused intermediate ‫-03ف‬ to 40-fold increases mec1 double mutant had a 5-fold higher GCR rate than in the rate of GCR formation. The rate of GCR formation either respective single mutant (Table 2 ). These data in the rad53 chk1 double mutant was approximately suggest that while PDS1 may function downstream of additive compared to the effects of the respective single CHK1 in suppression of GCRs, it likely plays other roles mutants, but was not as large as that caused by mutathat could function in the suppression of GCRs, such tions in MEC1 or DUN1. The rfc5-1 dun1, mec1 dun1, as its role in the anaphase-metaphase transition and its ddc2 mec1, or rfc5-1 mec1 double mutant combinations MEC1-independent role in the S phase checkpoint. and the double mutation combination of mec1 with either rad53 or chk1 mutations caused increases in the TEL1 Plays a Role in the Suppression of GCRs GCR rate that were not significantly different from that TEL1 was first identified as a gene in which mutations caused by rfc5-1, dpb11-1, mec1, ddc2, and dun1 single caused telomere shortening (Lustig (Table 3) . When the mutation from MEC1 goes through RAD53 and CHK1 or may rein TEL1 was combined with mutations in MEC1, DDC2, flect differences in the roles of MEC1 and RAD53. Over-MEC3, and RAD53, a synergistic increase in the GCR all, the effect of mutations in MEC1, DDC2, RAD53, rate of 66-fold, 75-fold, 22-fold, and 8-fold was observed CHK1, and DUN1 is consistent with the idea that the relative to the respective mec1, mec3, and rad53 single central DNA damage signal transduction pathway funcmutants. The tel1 mutation had no effect on the GCR tions in the suppression of GCRs in normal cells. rate when combined with the rfc5-1, chk1, and dun1 PDS1 appears to play multiple roles in checkpoints mutations. These results suggest that TEL1 plays a role and cell cycle regulation. PDS1 was identified as an in suppression of spontaneously occurring GCRs. inhibitor of the initiation of anaphase (Yamamoto et al., 1996) . Other studies have suggested that PDS1 also Rearrangement Breakpoint Analysis Suggests functions in the S phase and DNA damage checkpoints a Common Major Mechanism for GCR independently of MEC1 (Clarke et al., 1999), and also Formation in Checkpoint Mutants downstream from MEC1 and CHK1 because it is phosPrevious studies using the assay method described here detected 3 classes of GCRs: deletion of an arm of chrophorylated in a CHK1-dependent manner in response The structure of rearrangement breakpoints was determined as described under mosome V combined with addition of a new telomere The rearrangements observed in single mutant strains referred to as telomere additions; nonreciprocal translocain which the S phase checkpoint sensor or downstream tions with microhomology at the rearrangement breaksignal transduction pathway were disrupted were prepoint; and nonreciprocal translocations with nonhomology dominantly telomere additions. In rfc5-1, mec1, and at the rearrangement breakpoint (Chen and Kolodner, dun1 single mutants, which have the largest increase in 1999). In order to obtain insights into the rearrangement GCR rate, 100% of the GCRs were telomere additions. mechanisms that underlie the increased GCR rates obIn the mec3, rad53, chk1, and rad53 chk1 mutants, the served in the mutator mutants discussed above, the majority of the GCRs were telomere additions, although breakpoint sequences of approximately 10 independent translocations and a small proportion of deletions were breakpoints per mutator strain were determined and also observed. The one exception was the pds1 mutant classified. This analysis took advantage of the fact that strain where translocations predominated. However, as one of the resulting breakpoints was always observed discussed above, PDS1 plays a role in other processes in CAN1 or in the region containing four adjacent nonbesides the S phase/DNA damage checkpoints, so it essential ORFs, YEL059 to YEL062, centromeric to may not be surprising that the GCRs seen in a pds1 CAN1. This observation allowed the development of a mutant differ from those seen in the other mutant strains more rapid method for mapping and sequencing of the examined. An interesting feature of these data is that breakpoints ( Figure 2B ). The breakpoint junctions were longer regions of imperfect homology were seen at the then verified by amplification with junction-specific translocation breakpoints in mec3 mutants as compared primers and the rearrangements were classified as transto the microhomology breakpoints seen in other mutant locations/deletions with nonhomology or microhomolstrains ( These included 2 from RDKY3763 (dun1 tel1 sml1) and 1 each from RDKY3749 (rad53 sml1), RDKY3751 (rad53 chk1 sml1), RDKY3767 (rad53 tel1 sml1), and RDKY3773 (mec3 tel1).
and Petes, 2000). To gain further insight into the possible result if MEC1 and TEL1 regulate MRE11-RAD50-XRS2
, an idea suggested by the observation that MEC1 and role that TEL1 plays in suppression of GCRs, the breakpoint sequences were determined for GCRs TEL1 function in the DNA damage response and that MRE11-RAD50-XRS2 (NBS) is modified in response to formed in tel1 single and double mutant strains (Tables  3 and 5) . In all cases, the tel1 mutation reduced the DNA damage. Thus, the mec1 tel1 defect could be due to a combination of a checkpoint defect, a telomere proportion of GCRs that were telomere additions and increased the proportion of GCRs that were translocaaddition defect (Boulton and Jackson, 1998; Ritchie and Petes, 2000), and at least a partial loss of MRE11-tions/deletions. The most striking cases were the tel1 single mutant and the tel1 mec1, tel1 dun1, and tel1 RAD50-XRS2-mediated repair resulting in high rates of translocations (Chen and Kolodner, 1999). Similarly, the rad53 double mutant strains, where the telomere addition class was completely eliminated and replaced by mre11/rad50/xrs2 defect could be due to a combination of a telomere addition defect (Boulton and Jackson, translocations and a small proportion of deletions. Even in the case of the tel1 rfc5-1 and tel1 mec3 combina-1998; Ritchie and Petes, 2000) and loss of MRE11-RAD50-XRS2-mediated repair, and this would also retions, there was a significant reduction in the proportion of GCRs that were telomere additions. These data sugsult in high rates of translocations. Consistent with this, a tel1 mutation did not change the GCR rate when comgest that the vast majority of telomere additions were TEL1-dependent. In some cases (rfc5-1, chk1, and bined with a mre11 mutation (Table 3 ). In addition, the combination of mec1 and mre11 mutations showed a dun1), mutation of TEL1 simply resulted in a reduction of the proportion of GCRs that were telomere additions synergistic interaction with regard to GCR rate, resulting in a GCR rate that was essentially the same as that of suggesting that in the absence of TEL1, the mutagenic lesions were channeled to a different outcome. In other the mec1 tel1 double mutant (Table 3) . cases (mec3, mec1, and rad53), mutation of TEL1 resulted in both a reduction of telomere additions and an Discussion overall increase in GCR rate. In these cases, the results suggest that in addition to a loss of telomere addition
In the present study, mutations that cause defects in in combination with a checkpoint defect, the combina-S phase checkpoint functions and downstream signal tion of tel1 with these mutations likely resulted in other transduction pathways were found to cause increased repair defects.
rates of GCRs similar to that seen in mutants containing defects in recombination, replication, and repair genes (Chen et al., 1998; Chen and Kolodner, 1999). These Do MEC1 and TEL1 Regulate MRE11? An interesting feature of the data presented here is that results suggest that normally DNA damage occurs during DNA replication and one normal role of S phase addition of a tel1 mutation to a mec1 mutant strain results in an increased GCR rate and high levels of GCRs checkpoint functions is to facilitate nonmutagenic repair of this damage. It is unclear what this replicative damage that are all translocations with nonhomology breakpoints exactly like those seen in mre11, rad50, and xrs2
is, but it could be stalled or collapsed replication forks that result when replication forks encounter DNA damsingle mutants (Chen and Kolodner, 1999). This could age or another replication fork, or when the replication tion defect. If this is the case, the data presented here indicate MEC3 is not absolutely required for the S phase complex occasionally disassembles (Kuzminov, 1995). It is unclear how such stalled or collapsed replication replication defect checkpoint. This is consistent with the fact that mec3 mutants are not as sensitive to hyforks are repaired in S. cerevisiae, however, in bacteria such structures can be converted to DSBs and then droxyurea as other S phase checkpoint mutants (Longhese et al., 1996). Alternately, the mec3 effect could reflect recombination acts on these DSBs to reform a replication fork (Michel, 2000) . That recombination can act to a role of MEC3 in telomere maintenance since mec3 mutants have longer than normal telomeres, suggestive form a replication fork in S. cerevisiae is evidenced by the fact that break-induced replication has been obof increased telomerase activity (Corda et al., 1999) . CHK1 and RAD53 have been suggested to play parallel served (Malkova et al., 1996) . While a tel1 mutation alone did not affect the 2000), however, the lack of an effect on rad9, rad17, and rad24 mutations here supports the view that the GCR rate, when a tel1 mutation was combined with a checkpoint mutation, the GCR spectrum shifted from rfc5-1 defect observed in the GCR assays is an S phase defect. The single and double mutant analysis of DUN1 telomere additions to primarily translocations. In some cases, there was also a synergistic increase in GCR rate. indicate that all of the increased GCR rate caused by mutations in RFC5 and MEC1 can be accounted for by It seems likely that the shift in GCR spectrum is the consequence of down regulation of telomerase activity a defect in DUN1. Mutations in DUN1 do not cause a defect in replication block (hydroxyurea)-induced cell by tel1 reducing de novo telomere addition and allowing other mutagenic repair pathways to act (Boulton and cycle arrest (Gardner et al., 1999), although a dun1 mutation does eliminate the S phase progression defect Jackson, 1998; Ritchie and Petes, 2000). In support of this, tlc1 mutations that inactivate telomerase (Singer caused by the pol3-01 mutation, which causes increased replication errors (Datta et al., 2000) . This raises and Gottschling, 1994) did not change the GCR rate or show synergistic interactions when combined with the possibility that the increased GCR rate caused by checkpoint function defective mutations could be due checkpoint mutations like mec1, but did cause an identical shift in GCR spectrum from telomere additions to to misregulation of proteins that function in processing of DNA replication errors (see below) rather than the translocations (Tables 3 and 5 ). It seems likely that, in the cases where synergistic effects of tel1 mutations on lack of cell cycle arrest per se, depending on the type of replication error that underlies increased GCR rates.
the GCR rate were seen, they result from a combination of a checkpoint defect with down regulation of one or Our analysis of other checkpoint functions parallels what has been observed in other systems but also sugmore repair proteins that function in the suppression of GCRs. The clearest case of this is that of MEC1, TEL1, gests some differences. MEC3 has been suggested to function in the S phase checkpoint that senses DNA and the MRE11-RAD50-XRS2 complex. A combination of mec1 and tel1 mutations resulted in the same GCR replication damage in addition to the checkpoints that sense DNA damage (Longhese et al., 1996) . Similar to rate as seen in a mec1 mre11 double mutant and resulted in the same types of GCRs (translocations with the case of rfc5-1, the lack of effect of mutations in RAD9, RAD17, and RAD24 suggests the mec3 defect nonhomology breakpoints) as seen in mre11, rad50, and xrs2 mutants (Chen and Kolodner, 1999). It is known seen here could be due to an S phase checkpoint func-that MEC1 and TEL1, and their human homologs, play checkpoint defects seen here. An implication of the roles in the DNA damage response that modifies studies described here is that all of these cancer suscep-MRE11-RAD50-XRS2 ( BRCA2 mutant cells could be linked to the types of
